Ribosomes and immature ribonucleoprotein particles were isolated from extracts of log-phase cells grown under various conditions. Quantitative measurements were made to determine the relative amounts of immature particles present in the extracts. The results indicate that the steady-state level of ribosomal precursors accounted for essentially a constant fraction of the total ribonucleic acid (RNA) of the cells. For cells with RNA-protein ratios between 0.43 and 0.65, about 1.6% of the total RNA occurred as immature ribonucleoprotein particles. Further, increased levels of immature particles were shown to be correlated with a reduced rate of RNA synthesis in cells recovering from chloramphenicol inhibition. The reduction was found to vary directly with the duration of pretreatment in chloramphenicol and, consequently, with the level of immature particles present in the cells.
Ribosomes and immature ribonucleoprotein particles were isolated from extracts of log-phase cells grown under various conditions. Quantitative measurements were made to determine the relative amounts of immature particles present in the extracts. The results indicate that the steady-state level of ribosomal precursors accounted for essentially a constant fraction of the total ribonucleic acid (RNA) of the cells. For cells with RNA-protein ratios between 0.43 and 0.65, about 1.6% of the total RNA occurred as immature ribonucleoprotein particles. Further, increased levels of immature particles were shown to be correlated with a reduced rate of RNA synthesis in cells recovering from chloramphenicol inhibition. The reduction was found to vary directly with the duration of pretreatment in chloramphenicol and, consequently, with the level of immature particles present in the cells.
Most of the ribonucleic acid (RNA) which is accumulated by Escherichia coli inhibited with chloramphenicol occurs in the form of ribonucleoprotein particles and appears to consist of the molecular species present in normal ribosomes (8) . Similar, or perhaps identical, particles have been observed to accumulate in E. coli under a variety of stresses (7, 19) . These immature ribonucleoprotein particles have two important characteristics in common: they contain submethylated RNA (5, 6) and they appear to be the precursors of mature ribosomes (7, 20) . Nofal and Srinivasan (13) reported that methylation of immature ribonucleoprotein particles precedes their conversion to ribosomes. This finding led them to conclude that methylation is a key step in the conversion of intermediate particles to ribosones.
Recent work in this laboratory (11) and elsewhere (16) has shown that addition of methionine to cultures of E. coli growing in minimal medium causes the cells to increase their differential rate of synthesis of RNA without increasing their rate of growth. This effect has been correlated with increased spermidine levels by the work of Raina, Jansen, and Cohen (14) . Further, the presence of methionine was shown to stimulate the rate of conversion of chloramphenicol ribonucleoprotein particles to mature ribosomes in cells recovering from chloramphenicol inhibition (11) . This correlation suggested that immature ribonucleoprotein particles might themselves be implicated in the regulation of RNA synthesis.
The experiments described here were performed to examine the relationship between the differential rate of RNA synthesis and the relative abundance of immature ribosomes. The results show that the relative level of immature particles is essentially constant in cells with RNA-protein ratios between 0.44 and 0.64. On the other hand, when the level of immature particles was increased by treating the cells with chloramphenicol, the rate of RNA synthesis in a subsequent recovery period was found to vary inversely with the increased level of immature particles.
MATERIALS AND METHODS
Bacterial cultures and media. E. coli K-12 (from the culture collection of J. A. DeMoss) was used in this study. Stock cultures were maintained on slants of Nutrient Agar (Difco). For experiments, cells were grown in M-9 mineral salts medium (15) with 0.5% glycerol, and cultures were supplemented with uracil at a concentration of 10ug/ml. Amino acids, when present, were supplied at 50 ,ug/ml. Casamino Acids, when present, were supplied at 0.5%.
Preparation of bacterial extracts. After a period of 30 min of chloramphicol (100 jug/ml) inhibition, the pelleted cells from 17 liters of medium (optical density of 0.24 at 540 nm) were suspended in 40 ml of 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.4) containing 102 M Mg++ and were disrupted by sonic vibration in a Raytheon model DF101 sonic oscillator. The extract was cleared of debris by centrifugation at 20,000 X g for 30 min and was diluted MATCHETC This carrier crude extract served as the source of immature particles used in the isolation of these materials from extracts of labeled experimental cells. Samples of experimental cultures (50 ml; optical densities from 0.12 to 0.28 at 540 nm) were chilled quickly and centrifuged; the resulting pellets were suspended in 0.5 ml of Tris buffer (0.05 M, pH 7.4, 10-2 M Mg++) containing 500 ,g of uracil per ml. Extracts of experimental cells or mixtures of experimental cells and carrier cells were prepared as indicated above.
Measurement of radioactivity. Fractions from density gradient analyses were precipitated by the addition of trichloroacetic acid to a final concentration of 5% in the presence of sufficient carrier protein to insure quantitative recovery of acid-insoluble radioactive material. The precipitate was dissolved in 0.5 N NH40H and plated on planchets. The planchets were counted in a Beckman Widebeta gas-flow counter with a thin window. All counting was done at infinite thinness and at counting rates which were at least 10 times the background level. Counting errors were of the order of 3% at the 90% confidence level.
Method of estimating the level of immature ribonucleoprotein particles. Radioactivity profiles obtained from sucrose density gradients were analyzed by use of a hybrid computer. The data were entered into the machine and displayed on an oscilloscope or printed by a recorder (Fig. 1A) . The program employed permitted the use of nine independent-function generators to produce normal distribution curves, each with a standard deviation determined empirically by recentrifugation of combined fractions from the centers of peaks obtained from density gradients. Each curve was positioned and adjusted independently (Fig. 1B) . The fit was judged by superimposing the sum of the artificial curves on the data displayed on the oscilloscope. The fit was also tested by subtracting the area under the artificial curve from the data. In all cases, more than 99% of the data could be accounted for by this procedure (Fig. 1C ). With this technique, portions of the data representing radioactive material sedimenting between 50S and 20S could be isolated, as shown by the traces in Fig. lE , or integrated and printed out in digital form. The numbers presented in Table 1 were obtained by this integration and represent computed values of radioactive material sedimenting between 50S and 20S.
Ribonuclease (five times recrystallized, saltand protease-free) was obtained from Sigma Chemical Co., St. Louis, Mo. Other methods and sources of reagents employed in this work have been described previously (11) .
RESULTS
In this study, two approaches were taken in an attempt to assess the relationship between immature ribosomes and the differential rate of RNA synthesis. In the first one, steady-state cells growing in variously supplemented media and exhibiting growth rates between 0.47 and 1.0 generations per hour and RNA-protein ratios between 0.43 and 0.65 were examined for their content of immature ribosomes in the following manner. Cultures of E. coli were grown for many generations in the presence of radioactively labeled uracil. Samples of these cultures were centrifuged, washed, and mixed with a 40-fold excess of nonradioactive cells which had been treated with chloramphenicol (100 ,g/ml) for 30 min. Extracts of these cell mixtures were prepared as indicated in Materials and Methods. Portions of each extract were treated with ribonuclease (2 ,g/ml, 25 C, 10 min). Treated and untreated samples (three replicates of each extract) were centrifuged through density gradients. Sedimentation profiles typical of those obtained for treated and untreated extracts are presented in Fig. 2 . The sensitivity of chloramphenicol particles to ribonuclease is well known and may be seen here by a comparison of Considerably less absorbancy appears in this region of the treated gradient. Ribonuclease treatment also resulted in a reduction in the amount of radioactivity sedimenting at intermediate S values. In this study, ribonuclease-sensitive radioactive material sedimenting at intermediate S values (between 50S and 20S) was interpreted as immature ribosomes contributed by the radioactive cells. The relative abundance of this material in the radioactive cells was estimated by subtracting the ribonuclease- a Minimal medium is M-9 salts + 10,ug of uracil per ml. Amino acids were present at an initial concentration of 50 jAg/ml; Casamino Acids, at 0.5% The RNA-protein ratio of cells under each cultural condition was determined as described previously (11) . Other methods are detailed in the text. The difference between the mean values (X1 andX2) for radioactivity sedimenting between 50S and 20S in shown in column 8. S(xY,-2) is the standard deviation of the mean difference. This procedure was carried out on extracts prepared from cells grown under the cultural conditions indicated in Table 1 . Triplicate analyses on duplicate cultures were made to provide an indication of the reproducibility obtained. As shown in Table 1 , the methods employed permit a reasonably precise determination of the percentage of total radioactivity which sediments between 50S and 20S and is sensitive to ribonuclease. To whatever extent this parameter approximates the level of immature ribonucleoprotein particles present in the radioactive cells, the data show that the level of these particles is essentially a constant fraction of the total RNA over the range of RNA-protein ratios studied. Figure 3 shows this relationship graphically in a plot of the level of immature particles as a function of the RNA-protein ratio.
The data presented above were taken from cells which had been caused by a variety of means to exhibit different growth rates and RNA-protein ratios. In the cases examined, immature ribosomes were found to account for a constant fraction of the total RNA of the cells. Although this observation does not rule out the notion that immature particles are involved in the control of Table 1. RNA synthesis, it would seem to indicate that their level is regulated stringently by other factors (for example, the availability of ribosomal proteins). Another approach to testing for a regulatory effect of these materials was performed by experimentally introducing perturbations in the level of these particles and examining the rate of RNA synthesis in the treated cells. Chloramphenicol was used for this purpose. Figure 4 shows the time course of synthesis of RNA by cells incubated in the presence of chloramphenicol in complete medium and in phosphate-free medium. As shown, incorporation of radioactive uracil proceeds essentially linearly for at least 100 min in complete medium, but in phosphate-free medium the rate is considerably lower and diminishes continually. The sedimentation profiles presented in Fig. 5 show the distribution of radioactive uracil incorporated by the * Complete Medium Fig. 4 . In complete medium, chloramphenicol particles (immature ribosomes) are accumulated during the incubation. In phosphate-free medium, however, the cells accumulate little or none of this material. Thus, the pretreatment provides the means for experimentally increasing the level of immature ribosomes in cells in a predictable fashion while controlling other effects of chloramphenicol.
Accordingly, cells were incubated for various lengths of time with chloramphenicol in complete medium and in phosphate-free medium containing nonradioactive uracil. At intervals of 30 min, samples of cells were withdrawn from each incubation, harvested, and washed free from chloramphenicol with complete medium on membrane filters (Millipore Corp., Bedford, Mass.). After washing, the samples were placed in complete medium containing radioactive uracil. The incorporation of radioactivity by the recovering cells was followed for 20 min at intervals of 4 min. In all cases, incorporation proceeded linearly from the 4th min to the 20th min. From these measurements, rates of RNA synthesis were determined for each sample of cells. In Fig.  6 , these rates (in arbitrary units) are plotted as a function of the length of time for which the cells had been incubated in chloramphenicol. The cells incubated in chloramphenicol in phosphatefree medium essentially maintained their initial rate of synthesis of RNA for at least 60 min. In the absence of phosphate, these cells did not accumulate immature particles in significant quantities. In cells incubated in complete medium, however, a decay in the rate of RNA synthesis started immediately and continued for at least Fig. 4 were taken at 60 min. The pelleted cells were washed and resuspended in 0.01 m Tris, pH 7.4, 0.01 m Mg+. Extracts were layered on 20 to 5% sucrose density gradients in 0.01 m Tris, 0.01 m Mg++, pH 7.4, and were centrifugedfor 100 min at 48,000 rev/min in the S W50 rotor at 3 C. Absorbancy read at 260 nm.
on August 30, 2017 by guest http://jb.asm.org/ Downloaded from 120 min. It is apparent from these results that the rate of RNA synthesis was diminished in direct proportion to the increase in level of ribosomal precursors in the cells.
The interpretation of this experiment depends in part upon the assumption that incorporation of labeled uracil during the recovery period is a valid criterion of RNA synthesis. Because chloramphenicol particles have been reported to be metabolically unstable under certain conditions (3), and less so under others (11) , it was important to examine the distribution of radioactivity incorporated from labeled uracil on sucrose density gradients under the conditions of this experiment. If the observed reduction in rate of incorporation of radioactivity was caused simply by the isotopic dilution of incoming labeled uracil by nonlabeled, low molecular weight products of degradation of unstable chloramphenicol RNA, the radioactivity profiles ob- Reduced rate of synthesis of RNA after accumulation of chloramphenicol particles. Minimalgrown cells were incubated in the presence ofchloramphenicol (100 ug/mlm with and without phosphate. At intervals of 30 min, samples were withdrawn, washed free from chloramphenicol with complete minimal medium, and resuspended in minimal medium containing uracil-2-'4C (10 ,ug/ml; specific activity, 25,000 counts per min per,g). RNA synthesis was monitored by measuring incorporation of radioactivity at intervals of 4 min for a period of 20 min. From these data, rates were determined and are plotted as a function of the length of incubation of the cells in chloramphenicol.
ed from sucrose density gradients should be ntially superimposable by selection of approte scaling factors. Extracts were prepared rn the cells described in Fig. 6 at the conclusion the 20-min recovery period. These extracts e examined for the occurrence of ribonucleasesitive radioactivity sedimenting between 50S 20S by the methods described above. Figure   Lows the results obtained. The percentage of l radioactivity incorporated during the 20-L recovery period which exhibited ribonuclease ,itivity and which sedimented between 50S 20S is plotted as a function of the duration of ;reatment in chloramphenicol. As shown, this meter (immature ribonucleoprotein particles) eases with increasing length of pretreatment omplete medium containing chloramphenicol. se cells had accumulated increased amounts of iature particles ( Fig. 5 ) and exhibited a reducin rate of incorporation of isotope from led uracil (Fig. 6 ). The increased level of ature particles is thus correlated with a rezd rate of RNA synthesis and also appears .ct as a macromolecular trapping pool for oming labeled uracil. The control cells, incud in phosphate-free medium with chlorhenicol, did not accumulate increased unts of immature particles ( Fig. 5 ) and ved only a modest reduction in the rate of orporation of labeled uracil (Fig. 6) ; also, as ,vn in Fig. 7 , the percentage of total activity ch was incorporated during recovery and was ent in immature particles did not increase Fig. 6 were analyzed, as described in substantially with increasing length of pretreatment. In summary, less radioactivity was incorporated by cells having the greater concentrations of immature particles, and also an increasing fraction of the radioactivity which was incorporated was held up in the pool of immature ribosomes present at later times. This correlation is consistent with the concept of a pool of precursor which is itself implicated in the control of synthesis of materials flowing through it.
DIscussIoN
The addition of methionine to cultures of E. coli causes the cells to exhibit an abrupt increase in their differential rate of synthesis of RNA (11, 16) . The rate of growth of the cells is not appreciably changed by the presence of methionine. The stimulatory effect of methionine on RNA synthesis is apparent in cultures inhibited by amino acid analogues (16) . It appears, therefore, that this effect is not the result of relieving a growth limitation imposed on the cells by a less-than-optimal endogenous supply of methionine. In the presence of methionine, the cells exhibit an increased level of spermidine, which in turn has been correlated with increased rates of synthesis of RNA (14) . Recently, Ezekiel and Brockman (4) have shown that increased spermidine levels can cause increases in amino acid pools of E. coli, which could in turn increase the charging ratio of various types of soluble RNA. It was reported earlier that methionine enhanced the rate of conversion of chloramphenicol ribonucleoprotein particles to ribosomes (11) during the process of recovery from chloramphenicol inhibition. From this and other results it was inferred that methionine, acting as a donor of methyl groups, relieved a rate limitation imposed by the requirement for methylation on the process of conversion of immature ribosomes to mature ribosomes. To explain the overall stimulation of RNA synthesis, it was postulated that immature ribosomes participate in the regulation of RNA synthesis and further that methionine reduced their availability for this function by increasing the rate of their conversion to mature ribosomes (11) .
This concept pointed directly to the importance of examining the relationship between the level of immature particles and the rate of synthesis of RNA. A method was devised for assessing this relationship which permitted the recognition of immature particles by use of two independent criteria, namely, sedimentation velocity and sensitivity to ribonuclease. The use of these seems justified on the basis that chloramphenicol particles and relaxed particles are indistinguishable in many respects from the physiological precursors of normal ribosomes, and each of these classes of particles is known to exhibit both characteristics (20) . The results reported here show that, in log-phase cells with RNA-protein ratios between 0.44 and 0.65, a constant fraction amounting to about 1.63% of the total RNA occurs in the form of the putative immature ribonucleoprotein particles. The observed relationship is consistent with the notion that the pool of ribosomal precursors is selfregulating. Thus, higher than optimal levels of immature particles could restrict a step involved in their own biosynthesis. Lower than optimal levels could similarly relax such a restriction, permitting resumption of flow of intermediates and thus raising the level of particles to the optimum. The observation that increased levels of immature particles are correlated directly with reduced rates of synthesis of RNA (Fig. 6 ) supports this view.
Although it is tempting to interpret the correlations reported here as indications of some positive effect stemming from the presence of immature particles, negative effects should not be overlooked. It is possible, for example, that as the pool of immature particles increases a species of ribosomal protein is removed from the pool of soluble ribosomal proteins and that the effects reported here stem from varying levels of this protein. This view would appear to be consistent with the one recently suggested by Mangiarotti and co-workers (10) . They found that newly synthesized ribosomal RNA was associated with proteins resembling ribosomal proteins at very early times. They suggested that these proteins probably bind to nascent ribosomal RNA molecules, which accounts for the early appearance of ribonucleoprotein precursors of ribosomes. This view is further supported by the results of Dalgarno and Gros (2) , who reported that the rate of continued relaxed synthesis of RNA was increased by a factor of two by a period of glucose starvation which caused degradation of previously accumulated relaxed particles. They suggested that renewal of the supply of "early ribosomal proteins" by degradation of immature particles caused the increase in rate of synthesis of relaxed RNA, and that the early ribosomal proteins stabilized nascent ribosomal RNA.
In a recent study of ribosome development, Sypherd and Fansler (22) concluded that RNA from immature ribosomes differed from RNA of mature ribosomes in the arrangement of double helical regions of the molecules. In a subsequent study, Sypherd (21) showed that methylation of RNA alone was not sufficient to cause the RNA to assume the mature configuration. He suggested that addition of the final proteins to the develop-
